Temperature measurement at the end of a cantilever using oxygen paramagnetism in solid air by Thurber, K R et al.
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FIG. 1: Optical interferometer measurement of the cantilever
position as a function of external magnetic eld for (a) 4.2
K without air frozen on sample, (b) 4.2 K with frozen air on
sample, and (c) 8.4 K with frozen air on sample. Each inter-
ferometer oscillation represents =2 = 390 nm of cantilever
deection.
sensitivity of the cantilever, very little air is required.
Just 10
11
oxygen molecules (monolayer) will result in
several interferometer fringes of deection (hundreds of
nm) during a magnetic eld sweep to 9 T. Deliberately al-
lowing air into the vacuum system with a non-regulating
valve typically resulted in too much air contamination
and the magnetic force would stick the cantilever to the
iron magnet.
This provides a cautionary warning for cantilever mag-
netometry or MRFM experiments. Oxygen contami-
nation must be avoided for sensitive magnetometry or
MRFM experiments because of the large magnetic sus-
ceptibility of oxygen. For this reason, the temperature
measurements were done rst and then the air contami-
nation removed before the MRFM experiments. The air
contamination could be removed by heating the probe
head to about 20 K while pumping. The best technique
for avoiding air contamination was to use the heater to
keep the probe head warm, while the rest of the probe
was cooled down.
We should also note that solid air is a better choice for
large and simple temperature dependence of the mag-
netic susceptibility than pure oxygen. Pure solid oxygen
has antiferromagnetic interactions between the molecules
and undergoes two phase transitions in the solid state at
low temperatures (43.8 and 23.9 K).
10,11
By contrast,
the oxygen electrons in solid air have been studied re-
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FIG. 2: Cantilever deection as a function of external mag-


















where g = 2:0 and the zero eld splitting D = 5:1 K.
The Hamiltonian is written for the case where the axis of
the oxygen molecule is along the magnetic eld. In the
frozen air, the oxygen molecules have a distribution of
their molecular axes with respect to the magnetic eld.
10
Apparently, the oxygen molecules are dispersed enough
among the nitrogen molecules in the solid air to prevent
antiferromagnetic ordering. Similarly, dilute adsorbed
oxygen results in roughly Curie-Weiss law behavior of
the susceptibility, 1=(T  ), with  small and negative.
11
Figure 2 shows the deection of the cantilever up to high
eld. The saturation of the susceptibility at high eld
is consistent with spin 1 and g  2 electronic moments.
To provide a calibration for this temperature measure-
ment method, we heated the probe head, which results
in a nearly uniform temperature of the probe head, can-
tilever, and sample. The probe head itself has its tem-
perature measured with a resistive sensor.
12
As shown
in gure 3, the temperature dependence of the magnetic
susceptibility does indeed roughly follow a Curie-Weiss
law with the tted  =  2 K.
Then, we applied this technique to measure the sample
temperature under conditions when it is dierent from
the temperature of the rest of the probe head. The mag-
netic susceptibility of the sample with air \contamina-
tion" is measured by the deection of the cantilever by
a change in magnetic eld. The temperature is derived
by comparison with the calibration done by heating the
entire probe head. The calibration step could be avoided
by assuming the Curie-Weiss law temperature depen-
dence of the oxygen susceptibility and the dominance of
the oxygen susceptibility over any other magnetic sus-
ceptibility of the sample or cantilever. In these MRFM
experiments,
1
the GaAs sample can be heated from two
major sources. First, we are applying RF magnetic eld
which can heat the sample and gold-coated cantilever di-
rectly by eddy current heating and indirectly through







































FIG. 3: Oxygen magnetometry as a function of temperature.
The oxygen magnetometry, , is plotted as the deection of
the cantilever over a magnetic eld sweep (0.15, 0.8, or 2 T)
relative to the deection over the eld sweep at 4.2 K. At the
highest temperature (Æ 14.5 K), oxygen desorbs when under
low pressure and the magnetometry is no longer reversible
with temperature. The line is a Curie-Weiss law t to the
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FIG. 4: Comparison of sample temperature measured by oxy-
gen magnetometry () and the temperature of the bulk of the
probe () while shining 823 nm light on the sample. Can-
tilever is coated on both sides with 300

A Ti and 700

A Au.
shining light on the sample for optical pumping.
13
An-
other smaller heat source is the optical power used in
the interferometer measurement. We measured the sus-
ceptibility and found, for instance, that roughly 4 Gauss
of RF (51.5 MHz) magnetic eld raised the sample tem-
perature about 1 K. Even more dramatic is the eect of
optical pumping (Fig. 4). The 80 W of optical power
on the GaAs sample at the end of the cantilever can heat
it by 3 K, while the main bulk of the probe has warmed
by less than 0.1 K. This local heating is consistent with
the estimated thermal conductance of the cantilever, 25
W/K, which is dominated by the 700

A gold coating.
We have presented a technique for measuring the tem-
perature of a sample at the end of a cantilever. In general,
oxygen contamination must be avoided for cantilever
magnetometry and MRFM experiments. But here, by
measuring the susceptibility of the oxygen in solid air
contamination, we can determine the temperature with-
out any contact to the sample. This technique can be
extended by using the susceptibility of some other \con-
taminant" or just the sample itself. In addition, these
measurements are done without any modication of the
apparatus which we use primarily for MRFM measure-
ment of the nuclear polarization of the sample.
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